Abstract: Embryonic stem cells and induced pluripotent stem cells have the ability to maintain their telomere length via expression of an enzymatic complex called telomerase. Similarly, more than 85%-90% of cancer cells are found to upregulate the expression of telomerase, conferring them with the potential to proliferate indefinitely. Telomerase Reverse Transcriptase (TERT), the catalytic subunit of telomerase holoenzyme, is the rate-limiting factor in reconstituting telomerase activity in vivo. To date, the expression and function of the human Telomerase Reverse Transcriptase (hTERT) gene are known to be regulated at various molecular levels (including genetic, mRNA, protein and subcellular localization) by a number of diverse factors. Among these means of regulation, transcription modulation is the most important, as evident in its tight regulation in cancer cell survival as well as pluripotent stem cell maintenance and differentiation. Here, we discuss how hTERT gene transcription is regulated, mainly focusing on the contribution of trans-acting factors such as transcription factors and epigenetic modifiers, as well as genetic alterations in hTERT proximal promoter.
Introduction
The ends of human chromosomes are capped by telomeres which protect the chromosome termini from degradation, end-to-end fusion and recombination [1, 2] . Telomeres are long stretches of 5 -TTAGGG-3 DNA repeats which end in single-stranded 3 G-rich overhangs [3, 4] . The telomeric DNA repeats are bound by shelterin protein complexes consisting of Telomeric Repeat Factor I and II (TRF1, TRF2), Repressor/Activator Protein I (RAP1), TRF1-Interacting Nuclear Protein 2 (TIN2), Tripeptidyl Peptidase I (TPP1) and Protection of Telomeres I (POT1) that distinguish naturally occurring chromosomal ends from DNA double-strand breaks [2] . Telomeric DNA repeats are synthesized by telomerase, a reverse transcriptase. Human core telomerase consists of at least two essential subunits, the protein subunit, human Telomerase Reverse Transcriptase (hTERT), and the RNA subunit, human Telomerase RNA (hTR) [5, 6] . Telomerase activity is generally limited by the expression of hTERT, and is barely detected in most human adult somatic tissues, except in germ cells and some stem cells [5] [6] [7] [8] [9] . In cells lacking telomerase activity, about 50-200 bp of telomeric DNA repeats are lost during each cell division due to incomplete replication by DNA polymerase, and end processing [4, 10] .
Trans-Acting Regulators of hTERT Transcription
The core promoter of the hTERT gene contains several known regulatory elements including GC-motifs and E-boxes. Several other articles have elegantly reviewed the roles specific factors or protein families play in the modulation of hTERT gene expression. Here, we have chosen to focus only on factors which have been reported to bind directly to the hTERT promoter region via in vitro or in vivo DNA-protein interaction assays, such as chromatin immunoprecipitation (ChIP) and electrophoretic mobility shift assay (EMSA) (refer to Table 1 for the complete list of factors). We selected a number of well-studied factors in each category and briefly discuss its role in the regulation of the hTERT gene, specifically highlighting the complexity of the regulatory network involved in controlling the expression of hTERT. As expected of a critical gene, hTERT transcription is modulated in a context-dependent manner via a multi-tiered regulatory network involving, among other means, feedback loops, and genetic and epigenetic controls. We also highlight the complexity of the hTERT proximal promoter with regards to the numerous response elements enclosed in this region (refer to Figure 1 for a schematic of the binding sites of selected transcription factors found in this region).
Genes 2016, 7, 50 3 of 42 electrophoretic mobility shift assay (EMSA) (refer to Table 1 for the complete list of factors). We selected a number of well-studied factors in each category and briefly discuss its role in the regulation of the hTERT gene, specifically highlighting the complexity of the regulatory network involved in controlling the expression of hTERT. As expected of a critical gene, hTERT transcription is modulated in a context-dependent manner via a multi-tiered regulatory network involving, among other means, feedback loops, and genetic and epigenetic controls. We also highlight the complexity of the hTERT proximal promoter with regards to the numerous response elements enclosed in this region (refer to Figure 1 for a schematic of the binding sites of selected transcription factors found in this region). [140] Maz Repressor HFK ND ChIP [141] HBx [142] E6 [141] MCPH1 Repressor HeLa +4/+68 EMSA [143] Menin Repressor MCF-7, C33A, HeLa Sequence-independentEMSA [144] JunD [145] HBZ [145] NF-κB Activator U937, SH-SY5Y, SK-N-MC −650/−638 ChIP, EMSA [147, 148] STAT3 [149] ; Tax [58, 150] ; PI3K/Akt [151] ATO [101] ; IκBα [152] ; curcumin [148] ; pelitinib [153] −1872/−1864 ChIP [189, 193, 194] IL-2/JAK [193] ; EPO [195, 196] TAL1 Repressor HeLa ND ChIP [197] Tax [197] HBZ/JunD [197] TEIF Activator HeLa, 293, HT1080, 293T −120/+90 EMSA [198, 199] MSP58 [199] USF Activator   SKBR3,  MDA-MB-231,  MCF7, OVCAR3,  293T, SKOV3 2.1. Transcription Activators of hTERT 2.1.1. c-Myc c-Myc, together with its dimerization partner Max, binds to regulatory elements called E-boxes and recruits histone acetyltransferases (HATs) to exact an activating effect on the transcription of various genes. Human TERT gene is one of them; c-Myc binds to two E-box sequences found on the core promoter of hTERT, leading to the upregulation of the expression of the gene and telomerase activity [43] [44] [45] . Mutating these sites weakens the promoter activity of hTERT gene [45, 46] . In addition, overexpression of c-Myc in squamous cell carcinoma cells and human foreskin keratinocyte cells resulted in the upregulation of the hTERT promoter activity [46] . The transcription activating role of c-Myc on hTERT gene is mediated by the recruitment of the histone acetyltransferase (HAT) complex called SPT3-TAF9-GCN5 acetyltransferase complex (STAGA) and the transcription co-activator Mediator complex [66] .
On the other hand, c-Myc alone may not be sufficient to drive the activation of hTERT expression. E6-transduced human foreskin keratinocytes (HFKs) did not show an increase in c-Myc expression, even though the cells attained replicative immortality [205] . This suggests that additional factors may be required in order to upregulate hTERT expression in these cells. Indeed, c-Myc was found to act cooperatively with Specificity Protein 1 (Sp1) in the activation of hTERT transcription via combinatorial binding of these two factors on their respective cis elements in the hTERT promoter [53] . When the E-boxes and GC-rich motifs (response elements of Sp1) were mutated, E6-mediated activation of telomerase expression was abolished. This also explains the observation that c-Myc and Sp1 expression correlates with hTERT transcription in various cancer cell lines.
Besides Sp1, numerous other factors play a role in modulating c-Myc-mediated regulation of hTERT transcription. Estrogen has been shown to activate c-Myc expression in breast cancer cell line, . This, on top of direct activation of hTERT by estrogen receptor (ER) (see below), enhances hTERT transcription and telomerase activity in these cells. Aurora-A activates c-Myc expression and thence hTERT promoter activity in ovarian and breast epithelial cancer cells [61] . Nuclear Transcription Factor, X Box-Binding Protein 1 variant 123 (NFX1-123) and c-Myc, together with an unknown factor which acts upstream of the hTERT core promoter, co-activate hTERT gene expression in human foreskin keratinocytes [48] . Survivin induces the phosphorylation of c-Myc (and Sp1) and enhances its transactivation of hTERT transcription [63] . p300 interacts with and stabilises c-Myc via the latter's Topologically Associated Domain (TAD) and they both co-activate hTERT gene expression [49] . Protein Kinase C θ (PKCθ) activates Nuclear Factor κB (NF-κB) signalling which in turn enhances c-Myc binding to hTERT promoter in activated human T lymphocytes [64] . ETS Proto-Oncogene 2 (Ets2) interacts with c-Myc and together they bind to hTERT promoter sequence and mediate breast cancer proliferation Conversely, the activity of the positive regulators of c-Myc-induced hTERT activation may be counteracted by a variety of c-Myc inhibitors and suppressors. A major player is Mad, a potent antagonist of c-Myc, whose mechanism of action involves competing with c-Myc for E-box protein binding sites found in transcription regulatory regions of their target genes (see below for the discussion on the role Mad plays in repressing hTERT). In addition, the lipid ceramide was shown to destabilize c-Myc protein via ubiquitination of the transcription factor, resulting in the downregulation of hTERT expression [45] . Other factors were shown to disrupt c-Myc binding to hTERT promoter and its transcription activation: Breast cancer 1 (BRCA1) associates with c-Myc via its N-terminal domain and depletes hTERT promoter-bound c-Myc in ovarian, prostate and breast cancer cells [81, 82] . Cyclin-Dependent Kinase Inhibitor P27 (p27KIP1) interferes with c-Myc binding to hTERT promoter in malignant glioma cells [206] . Hypoxia-Inducible Factor 1-alpha (HIF-1α) downregulates c-Myc-mediated activation of hTERT promoter activity in colorectal carcinoma cells [77] . Mothers Against Decapentaplegic Homolog 3 (Smad3), upon Transforming Growth Factor beta (TGFβ) induction, interacts with c-Myc which leads to the downregulation of hTERT promoter activity [79, 80] . TGFβ has also been shown to inhibit hTERT expression by upregulating Snail expression in human embryonic kidney (HEK) cells and keratinocyte cells [80] . Wilms Tumor 1 (WT1) downregulates hTERT transcription in clear cell renal cell carcinoma (ccRCC) by directly binding to hTERT promoter or by repressing c-Myc expression via its promoter activity [35] . Gastrokine 1 (GKN1) was reported to inhibit hTERT expression in gastric cancer cells by binding directly to c-Myc and downregulating its expression, leading to lower hTERT promoter activity [207] . The compound arsenic trioxide (ATO) was previously shown to downregulate telomerase activity and this was recently shown to involve the downregulation of four transcription activators of hTERT, one of which is c-Myc [101] . Knockdown of c-Myc (or the other factors) via siRNA could sensitize promyelocytic leukemia cells to ATO-induced apoptosis and inhibition of cell growth.
Despite the strong evidences brought forth by the various studies above regarding the key role c-Myc plays in the modulation of hTERT expression and telomerase activity, several studies involving the use of primary tumor samples have proven the lack of correlation between c-Myc expression and hTERT mRNA levels, specifically in hepatocellular carcinoma and breast carcinoma tissue samples [208, 209] . Consistent with this notion, while c-Myc is one of the four transcription factors used for iPS cell reprogramming, it is non-essential [210] .
NF-κB
NF-κB is a transcription factor complex whose activity is induced in many cell types by various stimuli such as inflammation, cellular differentiation, tumorigenesis, and apoptosis. It is shown to play an activating role in telomerase expression and activity by regulating hTERT gene transcription via binding to the proximal promoter of the target gene, or indirectly by modulating the expression of transcription factors known to affect hTERT expression. The activation of NF-κB in primary bovine aortic endothelial cells (BAECs) and neuroepithelioma cell line via exposure to ionizing gamma radiation, and in human monocyte cells undergoing inflammation, leads to increased binding of NF-κB to hTERT promoter and consequently enhanced telomerase activity [147, 148, 152] . Depleting NF-κB levels by ectopically expressing NFKB Inhibitor Alpha (IκBα) or by disrupting the binding of NF-κB to hTERT promoter by eliminating its response element compromises the radiation-and lesion-induced upregulation of hTERT expression NF-κB-mediated activation of telomerase was also shown to be crucial in the recovery of intimal smooth muscle cells upon vascular injury in mediating intimal hyperplasia [57] . It was also proposed that there exists a feed-forward regulation between NF-κB and telomerase as the latter was found to bind to p65, a component of NF-κB, and modulate its transcription activity on its target genes, including factors which are important for inflammation and cancer progression [211, 212] . The NF-κB response element in hTERT promoter is located more than 600 bp upstream of the translation start site, however, recently, the non-canonical NF-κB pathway was implicated in tumorigenesis specifically via a hotspot hTERT promoter mutation-C250T-which creates a binding motif for E-twenty-six (ETS) protein, a transcription activator of hTERT gene. Binding of ETS to the newly formed response element is not enough to activate hTERT transcription; it requires an activated non-canonical NF-κB signaling background to drive this transcription [213] . The NF-κB subunit, p52, is recruited to the C250T site and binds to its own half site and this facilitates the stimulation of hTERT transcription in the cancer cells.
As mentioned, NF-κB can also activate hTERT expression via an indirect way. It is known to activate strong hTERT transcription activators such as c-Myc and Sp1 in a number of human cell lines [58, 64] . Besides the ones described above, other naturally occurring and synthetic chemicals were shown to modulate NF-κB-mediated activation of hTERT transcription. The plant-derived molecule, curcumin, and the drug, pelitinib, were both shown to potently inhibit NF-κB-induced hTERT activation by ionizing radiation in neurogenic cancer and tongue squamous cell carcinoma cells, respectively [148, 153] . In addition, arsenic trioxide (ATO) was found to repress the expression of NF-κB (and other transcription factors namely Sp1, c-Myc and Upstream Transcription Factor 2 (USF2)) in human promyelocytic leukemia cells and reduce the transcription of hTERT [101] .
STAT Proteins
STAT3 plays a key regulatory role in the expression of hTERT in several cancer cell lines including gastric, breast and glioblastoma, and hTERT in turn contributes to the survival of these STAT3-dependent tumors. When STAT3 expression levels were reduced in a hepatocellular carcinoma (HCC) cell line using siRNA, hTERT expression was consequently reduced [214] . Studies involving breast cancer stem cells revealed that STAT3 binds to and activates hTERT promoter in concert with Cluster of Differentiation 44 (CD44) and NF-κB, and that diminished levels of STAT3 resulted in the downregulation of hTERT expression [149] . Mechanistically, STAT3-mediated upregulation of hTERT expression may be the result of the following biological factors: leptin induction in breast cancer and HCC cells [71, 188] , miR-21 expression in glioblastoma cells [191] , and core protein of hepatitis C virus (HCVc) in HCC cells [192] . STAT3-mediated upregulation of hTERT expression by HCVc also involves the action of DNA Methyltransferase 1 (DNMT1) which facilitates the methylation of hTERT promoter.
STAT5 has been shown to bind directly to a distal promoter region of hTERT in a chronic myelogenous leukaemia (CML) cell line and an adult T-cell leukaemia (ATL) cell line, resulting in the activation of telomerase expression [193, 194] . The positive effect STAT5 has on hTERT expression was also seen in primary leukemic cells upon Interleukin 2 (IL-2) induction and has been attributed to the phosphorylation of STAT5 which permits its interaction with Janus-activated kinase (JAK)-1 and -2. Depletion of STAT5 via the introduction of specific siRNA was shown to lead to the inhibition of IL-2-induced hTERT activation [193] . However, STAT5 was also reported to indirectly activate hTERT through c-Myc, another transcription activator of hTERT. In two different leukemic cell lines, erythropoietin (EPO) was proven to be a potent activator of telomerase and this was shown to be via the induction of the JAK2/STAT5/c-Myc axis, and in turn was negatively regulated by TGFβ/Smad3 signaling [195, 196] .
Paired Box Proteins (Pax)
Pax protein family consists of paired box-and homeobox-containing transcription factors which play a crucial role in early development. Two of its members were shown to bind to regions proximal to hTERT translational start site and activate its transcription. In lymphocyte cell lines, PAX5 was found to bind to two sites, one each in exon 1 and 2 of hTERT gene [156] . Knockdown via siRNA and overexpression of PAX5 lead to increased and decreased hTERT expression, respectively. Furthermore, these effects were reported to be independent of CCCTC-binding factor (CTCF) and promoter methylation. On the other hand, PAX8 was revealed to bind to four sites upstream of the hTERT translational start site in glioma cells [157] . Interestingly, PAX8 was also shown to bind and activate hTR promoter, which fortifies the role of PAX8 in the regulation of telomerase activity.
Estrogen Receptor
Estrogen receptor is a nuclear hormone receptor which binds to estrogen response elements (ERE) upon stimulation by its ligand. hTERT transcription and telomerase activity are found to be activated by estradiol (E2) in ER-positive cells but not in ER-negative ones [215] . However, artificial expression of ER in ER-negative cells was found to result in hTERT transcription activation and increased telomerase activity. In vitro DNA-protein binding assays revealed that ERα specifically binds to two EREs in the hTERT promoter [51, 116, 118] . In addition, several biomolecules were shown to inhibit ER activation of hTERT in human cancer cells. Treatment of breast cancer cells with indole-3-carbonol (I3C) [121] , colon cancer cells with 15-deoxy-∆12,14-prostaglandin J2 (15d-PGJ2) [84] , ovarian cancer cells with miR-498 [120] , and breast and endometrial cancer cells with progesterone [122] , were reported to result in the suppression of ER-induced activation of hTERT expression.
Transcription Repressors of hTERT

Mad1
Mad1 is an antagonist of Myc protein in that it competes with the latter for E-box motif binding in promoter region of target genes and mediates the repression (as opposed to Myc's activation) of these genes. The binding of Mad1 to hTERT proximal promoter is mediated by an N-terminal domain which is responsible for its interaction with its co-repressor, Sin3A [139] . This binding can be reversed by overexpression of Myc in mortal WI38 cells [86] . The Mad1-induced hTERT repression has clinical significance in patients suffering from myelodysplastic syndrome (MDS) as these individuals, especially those with more favorable outcomes, show higher expression levels of Mad1 as compared to healthy controls [216] . The authors of the report went on to propose that Mad1 plays an important role in reducing hTERT expression during the early stage of the disease. Thus, it is not surprising that a number of publications have focused on the effects of various molecules on Mad1-mediated repression of hTERT promoter. For example, 4-[3-(1-adamanyly)-4-hydroxyphenyl]-3-chlorocinnamic acid (3-C1-AHPC), an adamantyl-related molecule, has been shown to inhibit the expression of miR-202, which targets Mad1 gene, and hence lead to de-repression of hTERT gene and increased telomerase activity [140] . The repressive role of the 3-C1-AHPC/miR-202/Mad1 axis on hTERT expression was supported by the observation that the overexpression of pre-miR-202 and inhibition of miR-202 resulted in the decreased and increased repressive activity of Mad1 on hTERT expression, respectively. In addition, EGCG (a green tea polyphenol), sulforaphane (SFN), 15d-PGJ2 (15-deoxy-delta-12,14-prostaglandin J2), selenium, and 12-O-tetradecanoylphorbol-13-acetate have been shown to enhance Mad1's binding to and repression of hTERT promoter [85,108,139,217,218].
Sp3
Sp3 is a GC-box-binding protein with an antagonistic function to Sp1. Sp3, together with Sp1, has been shown to bind to a recognition site in the proximal promoter of hTERT, resulting in the repression of the gene. This binding is important but not sufficient to govern hTERT expression; chromatin environment, such as histone modification patterns, is also essential [219] . In fact, several studies have reported that the binding of Sp3 to hTERT proximal promoter leads to the recruitment of a histone deacetylase (HDAC), HDAC1, to the promoter region and, in turn, modifies the epigenetic landscape of the region, resulting in the silencing of the hTERT gene [186] . This repression can be reversed by overexpression of dominant-negative form of Sp3. On the other hand, ceramide is known to enhance the Sp3/HDAC-mediated suppression of the hTERT gene [174] . This involves the ceramide-induced deacetylation of Sp3, an active form of the protein with higher binding capacity to hTERT promoter, and a decrease in RNA polymerase II recruitment to the promoter due to lower histone acetylation levels in the region. Ceramide has also been shown to reduce Sp1 binding to the hTERT promoter, thus abrogating its activating effect on hTERT transcription [174] . However, it is worth noting that a study has posited that Sp1, but not Sp3, plays a regulatory role in telomerase activity in Jurkat T cells, as Sp3 overexpression in these cells did not cause a significant change in hTERT mRNA levels or telomerase activity [220] .
CTCF
CTCF is chromatin-binding factor which affects transcription of numerous genes. It mostly acts as a transcription repressor but is known to activate the transcription of several genes. The binding of CTCF to the first exon of the hTERT gene was reported to suppress its expression in telomerase-negative cells but not in cancer cells [105] . It preferentially binds to unmethylated sites of the hTERT regulatory region. The treatment of telomerase-positive cells with a strong demethylating agent (5-azadC) led to the reactivation of CTCF binding to its response element and repression of hTERT expression. This observation was supported by another study whose results showed that the introduction of sulforaphane (SFN), a potent histone deacetylase inhibitor, in human breast cancer cells resulted in CpG demethylation and hyperacetylation of the region proximal to the first exon of hTERT and this facilitated the binding of hTERT repressors, such as MAD1 and CTCF, in this region [108] . Conversely, siRNA-induced knockdown of CTCF was sufficient to partially reverse the inhibitory effect of SFN on hTERT transcription. In addition to binding to the first exon of hTERT, CTCF was also found to negatively modulate hTERT expression by binding to an enhancer element approximately 4.5 kb upstream of the hTERT transcription start site and this was confirmed by chromosome conformation capture (3C) assay [221] .
E2F1
E2F1 is a transcription factor which binds to E2 recognition sites found in the promoter of numerous genes, especially those involved in cell cycle regulation and DNA damage response. It has also been shown to play a direct role in the transcription regulation of hTERT in human squamous cell carcinoma cells by binding to and modulating hTERT proximal promoter [110] . The overexpression of wildtype E2F1, but not its mutant, has been shown to downregulate hTERT promoter activity and telomerase activity. The effect of E2F1 on hTERT promoter has been proposed to counteract the activating effect of c-Myc on the regulatory region [100] and act downstream of the TGFβ signaling pathway as the expression of a dominant negative form of E2F1 resulted in the abrogation of the TGFβ-induced hTERT inhibition [111] .
Hormone Nuclear Receptors
Vitamin D(3) receptor (VDR) is the nuclear receptor for 1,25-dihydroxyvitamin D(3) (VD3) and it can form a heterodimer with another nuclear receptor, retinoid X receptor (RXR), whose ligand is 9-cis-retinoic acid (9-cis-RA). In prostate cancer cells, this heterodimer was found to bind directly to a region approximately 2.5 kb upstream of hTERT translation start site and repress the expression of the gene [203] . In vivo experiments involving xenografts in nude mice recapitulated the inhibitory effects of this protein heterodimer on hTERT transcription. However, another report has argued against the direct role of VDR on hTERT transcription repression. Instead, it was proposed that the inhibitory effect of VD3 stems from its suppression of hTERT mRNA by destabilizing it [222] . This was supported by independent studies in ovarian, endometrial and breast cancer cells where VD3 was shown to repress hTERT expression through the induction of miR-498, which in turn targets the 3' untranslated region (3' UTR) of hTERT transcripts and thus decreases its expression [120, 223] .
Another nuclear receptor that has a repressive effect on hTERT transcription is androgen receptor (AR). Treatment of prostate cancer cells with AR agonist resulted in the inhibition of hTERT promoter activity and, conversely, treatment of AR antagonist failed to recapitulate this inhibition [33] . On top of that, the expression of a mutant form of AR (T877A) not only broadens ligand specificity but also precluded its binding to the hTERT promoter.
Transcription Regulators with Dual Roles
Specificity Protein 1 (Sp1)
Sp1 is a transcription factor that binds to GC-box motifs in the promoter of its target gene and regulates its expression, either activating or repressing the transcription process depending on cellular context. Sp1 is known to activate hTERT gene expression in telomerase-positive cells but suppresses it in telomerase-negative ones. It does this by binding to five GC-box motifs found in the proximal promoter of hTERT [46, 165] . Mutation of these binding sites results in the attenuation of Sp1-mediated hTERT activation or repression in various cell lines. However, the expression and hTERT promoter-binding of Sp1 alone is insufficient to drive the desired effect. Epigenetic environment, especially the presence of suitable histone marks, is crucial in actualising these effects.
In telomerase-positive cells, particularly cancer cells, Sp1 may activate hTERT expression on its own or in conjunction with specific co-activators. Sp1 may work cooperatively with c-Myc and bind their respective response elements in hTERT proximal promoter to upregulate the transcription of the gene [46, 53] . In fact, in the various cell lines examined, expression of Sp1 and c-Myc correlates positively with hTERT transcription activity. Kaposi's sarcoma-associated herpesvirus (KSHV) latent protein, latency-associated nuclear antigen (LANA), was also found to bind directly to Sp1 in KSHV-infected body-cavity-based lymphoma (BCBL) cells and enhance the binding of Sp1 to its cognate binding sites in the hTERT proximal promoter [165, 166] . In HeLa cells, the human T cell leukaemia virus type 1 protein, HTLV-1 bZIP factor (HBZ), forms heterodimers with JunD and this complex interacts with Sp1 at the hTERT promoter region and causes the activation of the target gene [36] . In addition, MBD1-Containing Chromatin-Associated Factor 1 (MCAF1) was shown to interact with Sp1 and the general transcription machinery in HeLa cells and facilitate hTERT expression [168] . Nuclear Factor Of Activated T-Cells 1 (NFAT1) can bind to hTERT proximal promoter at a site flanked by two GC-boxes and this allows for the synergistic interaction between NFAT1 and Sp1, resulting in the activation of hTERT transcription [154] . In human liver carcinoma cells, High Mobility Group AT-Hook 2 (HMGA2) binds to Sp1 and disrupts the recruitment of histone deacetylase (HDAC) to the promoter of hTERT and this leads to an increase in the expression of the gene [170] . This observation was recapitulated in cells treated with suberoylanilide hydroxamide (SAHA), a HDAC inhibitor. Numerous other factors and molecules have been shown to facilitate Sp1-mediated upregulation of hTERT gene expression in various cell lines (refer to Table 1 for a comprehensive list), and many others have been reported to play a repressive role instead. Notable inhibitors of Sp1-mediated activation of hTERT promoter activity include the tumor suppressor p53 [171, 224] and its family members p63 and p73 [88, 172, 173] , the key transcription factor E2F-1 [176 Beitzinger, 2006 #55] , and the cell cycle checkpoint proteins p27Kip1 [93] and p16 [225] .
As alluded to earlier, epigenetic environment is important in Sp1-mediated regulation of hTERT gene. The epigenetic mechanism behind the repression of hTERT gene expression in telomerase-negative human somatic cells is particularly well-characterized. Sp1 binds to its cognate binding motifs found in the hTERT proximal promoter and recruits HDAC proteins to this region [183, 226] . The deacetylation of histone subunits leads to the silencing of the hTERT gene. This transcription repression may be reversed by treating the cells with trichostatin A (TSA), a HDAC inhibitor [226, 227] . TSA-induced activation of hTERT was shown to be enhanced by the overexpression of Sp1 [227] or HDAC1 [226] , or the mutation of the Sp1 binding sites [226, 227] . In contrast, TGF-β-activated kinase 1 (TAK1) has the ability to facilitate the recruitment of HDAC to Sp1 on hTERT promoter and suppress hTERT activation in human lung adenocarcinoma cells [185] . EGR-1 is a transcription factor whose activity is crucial for mitogenesis and cellular differentiation. The effect of this protein on hTERT transcription is two-fold-it can act as an activator and also a repressor depending on the tissue of origin. Ectopic expression of EGR-1 in villous cancer cells led to an increase in hTERT expression, both in the mRNA and protein levels [114] . This effect was shown to be mediated by the direct binding of the protein to a single site in the proximal promoter region of hTERT. Furthermore, expression of EGR-1 was found to correlate with that of hTERT during trophoblastic development and in patients with preeclampsia. On the contrary, the examination of mRNA levels in primary cervical cancer tissues revealed a negative correlation between the expression of EGR-1 and that of hTERT. Further studies involving epidermoid carcinoma and squamous cell carcinoma cell lines supported this observation-overexpression of EGR-1 resulted in the suppression of hTERT expression [115] . These results showcased the important role EGR-1 plays in the regulation of hTERT gene transcription.
Hypoxia-inducible factor 2-alpha (HIF-2α)
HIF-2α is a transcription factor which is involved in cellular oxygen regulation. Unlike another hypoxia-inducible factor, HIF-1, whose regulatory effect on hTERT gene is solely positive, HIF-2α plays dual role in modulating hTERT expression. In several renal carcinoma cell lines tested, HIF-2α overexpression led to an increase in hTERT promoter activity and its depletion resulted in lower hTERT mRNA levels [134] . This positive effect is mediated by the direct binding of HIF-2α to hTERT proximal promoter and the recruitment of p300 and histone acetyltransferase to the regulatory site. In contrast, ectopic expression of HIF-2α in three glioma cell lines led to repression of hTERT gene expression [134] . This suggests that HIF-2α may play different roles in hTERT gene regulation in different cellular context.
Kruppel-like family of transcription factors (KLF) Proteins
KLFs are a group of proteins which share a common structure, namely a C-terminal domain consisting of three zinc finger configurations. The human genome contains 17 KLF family genes and they may act as activators or repressors of their target genes. Two of the members of the KLF family proteins are known to play opposite roles in the regulation of hTERT expression. KLF2 was shown to bind to a putative site in the first exon of the hTERT gene in resting T cells, resulting in the repression of the latter [136] . However, upon activation of these cells, KLF2 dissociates from the regulatory element and this relieves the gene of its repression. In contrast, KLF4, a key pluripotency marker, and mediator, was found to activate hTERT expression in telomerase-negative, alternative lengthening of telomere (ALT) cells and human fibroblast cells via direct binding to a response element in the proximal promoter region of hTERT [137] . Conversely, knocking down KLF4 in telomerase-positive cancer and stem cells abrogated hTERT expression significantly. Furthermore, telomerase expression was found to be sufficient in replacing KLF4 function in the maintenance of self-renewal in human embryonic stem cells, showcasing that hTERT is one of the primary targets of KLF4 in stem cell maintenance. Interestingly, a recent study revealed that the knockdown of hTERT via shRNA in HeLa cells led to a decrease in KLF4 expression [228] . This shows that the interplay between the expression of KLF4 and hTERT is a complex and important one.
2.3.6. Nuclear Transcription Factor X Box-Binding Protein 1 (NFX1) NFX1 is traditionally known as a transcription repressor. It plays a key role in determining the duration of inflammatory response via its interaction with and transcription regulation of the promoter of MHC class II genes. Three isoforms of NFX1 have been identified and two of these have opposite roles in the regulation of hTERT gene expression. NFX1-123, with c-Myc as a co-activator, was shown to bind to an X-box motif located adjacent to a known E-box motif, the canonical response element of c-Myc and other E-box proteins, and activate hTERT promoter activity [48] . In contrast, NFX1-91 represses hTERT expression by binding to the same X-box motif and recruiting Sin3A and histone deacetylases (HDACs) to the proximal promoter of hTERT [48] . This repressive effect can be reversed by the expression of the human papillomavirus (HPV) viral protein E6, which facilitates the ubiquitination and degradation of the NFX1-91 isoform, or by knocking down NFX1-91. Thus, alternative splicing of the NFX1 transcript plays an important role in the expression of hTERT gene in human fetal kidney cells.
Upstream stimulatory factors (USF) Proteins
USFs are a group of proteins belonging to the basic helix-loop-helix leucine zipper protein family. They function as transcription regulators and are known to bind to E-box motifs found in regulatory elements of their target genes. USF1 and USF2 have been shown to play both activating and repressive roles in the regulation of hTERT gene expression. USF1/2 heterodimers were found to bind directly to E-box motifs found on the proximal promoter of hTERT in both telomerase-positive and -negative cells. However, they specifically activate hTERT expression only in telomerase-positive cells [200] . This positive effect was shown to be mediated by p300, which acts as a co-activator, and p38 MAP kinase, a known activator of USF activity. In stark contrast, two other reports posited that USF1 and USF2 act as suppressors of hTERT expression in telomerase-positive oral squamous cancer cells and E6-expressing immortalized cells [54, 202] . This was evident by the downregulation and upregulation of E6-mediated hTERT expression upon the forced expression and siRNA-induced knockdown of the USF genes, respectively. Moreover, binding of USF1 and USF2 to the proximal E-box motif in the hTERT promoter diminishes in cells expressing E6 and this is accompanied by an increase in c-Myc binding to the same site [54] . Interestingly, yet another group proposed that the effect USF2 has on hTERT expression is dependent on the relative abundance of the splice isoforms in the cells. They showed that both full-length and truncated forms of USF2 can bind to the hTERT proximal E-box. However, the latter has a dominant-negative effect on the former, therefore depleting the full-length isoform and abrogating its activating effect on hTERT expression [201] . This concurs with the finding that the N-terminally truncated isoform is only present in telomerase-negative resting lymphocytes but not in telomerase-positive activated lymphocytes [201] .
Epigenetic Modifiers Regulating hTERT Transcription
Differentiation of pluripotent stem cells is accompanied by the downregulation of hTERT expression. hTERT promoter is eventually silenced when the cells are terminally differentiated. On the other hand, reprogramming of somatic cells to induced pluripotent stem cells results in the activation of hTERT expression. The epigenetic regulation of hTERT promoter plays an important role in these two opposite hTERT transcriptional states. The following section will focus on the known modes of epigenetic regulation of hTERT expression including methylation of hTERT promoter, histone modifications, and modulation by sirtuins and non-coding RNAs. However, it remains unclear how hTERT expression is differentially regulated during cancer development, cellular differentiation and reprogramming.
Histone Modifiers
In telomerase-positive cells, telomerase expression is associated with hyperacetylation of histone H3 and H4 and methylation of lysine-4 of histone H3, whereas in telomerase-negative cells (ALT cells), the silencing of the expression of telomerase is associated with hypoacetylation of H3 and H4 and methylation of lysine-9 of histone H3 [229] . Induction of the tumor suppressor, AT-Rich Interaction Domain 1A (ARID1A), increases occupancy of H3K9me3 at transcription start site (TSS) of hTERT and decreases acetylated lysine-12 of histone H4 (H4K12Ac) levels at this site. Treatment of telomerase negative cells with histone deacetylase inhibitor (HDACi), trichostatin A (TSA), could activate transcription of hTERT gene [229] .TSA was shown to inhibit deacetylation of histone H3 lysine-9 or -14, leading to upregulated hTERT expression in umbilical cord mesenchymal stem cells as well [230] . Sirtuin protein family consists of seven homologs of yeast Sir2 protein which is known to be involved in a plethora of biological processes including aging [231] , stress response, and tumorigenesis [232] . SIRT1, also known as nicotinamide adenine dinucleotide (NAD)-dependent deacetylase sirtuin-1, was shown to deacetylate c-Myc [233] . Deacetylated c-Myc displays enhanced association with Max, an essential partner for its activation [227] , and this, in turn activates hTERT expression [233] . Knocking down SIRT1 leads to decreased expression of genes targeted by c-Myc including hTERT. These findings have been recapitulated by other groups with additional mechanism. Deletion of SIRT1 leads to significant reduction in telomerase expression, thus causing telomere dysfunction-induced foci and nuclear abnormality [234, 235] . The same group found that deletion of SIRT1 is associated with substantial induction of acetylated lysine-9 of histone H3 (H3K9Ac) and reduction in trimethylated H3K9 at hTERT promoter [235] . In addition, SET and MYND Domain-Containing Protein 3 (SMYD3) knockdown in colorectal carcinoma and hepatocellular carcinoma cells was found to diminish the occupancy of c-Myc at hTERT promoter via reduction in H3K4 trimethylation and histone H3 acetylation.
Regulators of hTERT Promoter Methylation
DNA methylation is involved in gene silencing [236, 237] . The hTERT promoter region contains clusters of CpG islands with dense GC-rich regions. This suggests that DNA methylation may play a role in the regulation of hTERT expression [238] . However, recent reports suggested that there is little or no methylation around the hTERT transcription start site (TSS) in most cancer cell lines and embryonic stem cells [239, 240] . Consistent with these results, demethylation of CpG by demethylating agent 5aza-2 -deoxycytidine (5azadC) is not associated with increased hTERT expression in cancer cells [105, 227, 241, 242] . In summary, there is an inconclusive correlation between DNA methylation and telomerase regulation. Information on the detailed results for different tissues, and regions of hTERT promoter, data interpretation, and categorization, and the DNA methylation detection methods is summarized in Table 2 . 
Monoallelic Expression of hTERT Gene
Several cancer cell lines contain point mutations in only one of its hTERT alleles, specifically in its promoter region (see below for a detailed discussion of hTERT promoter mutations and their effect on hTERT expression). This is attributed to the reversal of hTERT gene silencing on the one active allele while the other one remains silenced. The promoter of the active gene was found to be decorated by the permissive histone H3K4me2/3 mark, while the promoter of the silenced gene showed higher deposition of H3K27me3, a histone mark indicating transcriptionally repressed heterochromatin regions [247] . Concomitant to this epigenetic switch in the hTERT promoter region, the point mutation allows for the binding of the transcription factor GA Binding Protein Transcription Factor Alpha and -Beta 1(GABPA/B1) heterodimer to the newly created site, which in turn facilitates the recruitment of RNA Polymerase II to the promoter, resulting in the transcription of hTERT gene.
Complexity of Trans-Regulation of hTERT Gene Transcription
It is clear from the multitude of evidence presented above that hTERT transcription regulation is complex. It involves the interplay between the various components of molecular and cellular biology. This is not surprising given the crucial role telomerase plays in the maintenance of stem cell and cellular transformation. Despite the wealth of knowledge in the roles transcription factors and epigenetic modifiers play in the regulation of hTERT expression, a lot more has to be done to elucidate the mechanism underlying the switching off and on of hTERT gene during cellular differentiation and cellular reprogramming, and during cellular transformation, respectively.
Genetic Alterations Regulating hTERT Transcription
Recent advances in DNA sequencing technologies have enabled large-scale genome sequencing studies across various tumor types. Many alterations in protein-coding genes have been identified [248, 249] . On the other hand, only a handful of the mutations in non-coding regions have been recently identified [250] . Recurrent mutations and chromosomal rearrangements in hTERT promoter have further confirmed the importance of telomerase activation in human cancers [251, 252] .
hTERT Promoter Mutations
Transcriptional regulation at the level of hTERT promoter mutations first came into attention with the discovery of highly recurrent mutations in this region in melanomas. In particular, two hotspot C > T point mutations were observed at the nucleotide position 124 bp and 146 bp upstream of the translation start codon (ATG) and these specific mutations were termed C228T and C250T, respectively. Other less common mutations were also detected in the hTERT promoter region such as the CC > TT mutations at −124/−125 and −138/−139 positions. The observation that the frequency of mutations detected in hTERT promoter is higher than those in the B-Raf Proto-Oncogene Serine/Threonine-Protein Kinase (BRAF) gene, and that the presence of highly recurrent point mutations in just two nucleotide positions strongly suggests that these are driver mutations which play key roles at various stages of tumorigenesis in melanoma [251, 252] .These important findings have provided new insights into a possible mechanism for hTERT activation in human cancers. In addition, the discovery of driver alterations in the non-coding portion of the human cancer genome was a novel advancement in understanding the role of mutated non-coding sequences in transcriptional deregulation and tumorigenesis.
hTERT Promoter Mutations in Different Types of Human Cancers
Since the publication of the studies mentioned above, there has been a surge in interest in investigating the frequency of hTERT promoter mutations in melanomas and other types of cancers, particularly at the two hotspot locations, C228T and C250T (Figure 2 ). To date, hTERT promoter mutations have been evaluated in more than 60 tumor types and they are found to be the most common point mutations in hepatocellular carcinoma [253, 254] , glioblastoma [253] , bladder cancer [255] and melanoma [251, 252] . , and all other mutations. The overall mutation frequencies of hTERT promoter were compiled from all relevant publications on human cancer genome sequencing. The label "n" corresponds to the total number of tumors sequenced among different studies for the same tumor type. Error bars correspond to the standard errors in mutation frequencies calculated among different studies on the same tumor type. Only studies with at least 20 samples sequenced were included in this study. Only studies which provided the detailed breakdown of different mutation sites were included in (b). Refer to Table 3 for the list of references used to compile this figure. [270, 296, 299, 321, 332, 333] Cancer types that have high overall mutation frequency generally correspond to tumors arising from cells with low turnover rate such as neurons, fibroblasts, glial cells and hepatocytes (Figure 2a ). This observation concurs with previously published results that showed that hTERT promoter mutations occur most frequently in cancers that originate in tissues with low self-renewal rates [253] . Based on the hTERT promoter mutation studies conducted so far, it is tantalizing to hypothesize that cancer subtypes without hTERT promoter mutations may derive from tissues with tissue-specific stem cells as they already display high telomerase expression and therefore do not require hTERT promoter mutations to further upregulate telomerase expression to sustain telomere maintenance. In contrast, cells with lower hTERT expression levels and low turnover rates might selectively acquire hTERT promoter mutations during tumorigenesis to upregulate telomerase levels and avoid replicative senescence. We further examined the distribution of the two hotspot mutations (C228T and C250T) across the different tumor types (Figure 2b ) and observed that the mutation frequency ratio of C228T:C250T is markedly lower in cancers of the cutaneous tissues such as basal cell carcinomas, squamous cell carcinoma and melanoma.
Mechanism by Which hTERT Promoter Mutations Leads to Enhanced Telomerase Levels
The hotspot mutations mentioned earlier create a CCGGAA/T binding motif for ETS (E-twenty six) transcription factors whose recruitment to these sites may result in increased hTERT expression. This is facilitated by the activation of non-canonical NF-κB signaling pathway which provides a co-activator, in the form of p52, to enhance the transcription activity of the hTERT promoter [213] (see above for a more comprehensive discussion of the molecular mechanism). Reporter assays carried out to assess the functional impact of these promoter mutations showed a two-to four-fold increase in hTERT promoter activity in melanomas [251, 252] .
Chromosomal Rearrangements and hTERT Expression
A recent study involving neuroblastoma tumors posited the significance of genomic rearrangements in telomerase activation specifically in the high-risk bracket of this tumor type [246] . They discovered from their analysis of whole-genome sequencing data that neuroblastoma tumors displayed breakpoint clusters at four genomic loci and one of them is at the 5p15.33 region where hTERT gene is located. These chromosomal rearrangements were found to consistently cluster in the region about 50 kb upstream of the hTERT transcription initiation site, but at the same time leave the coding and core promoter region intact. They showed that these chromosomal alterations result in the juxtaposition of hTERT gene to strong enhancer regions, resulting in major changes in the epigenetic landscape of the affected region. These changes, in turn, lead to the abrogation of hTERT gene silencing engendered by repressive histone modification and DNA methylation states.
Conclusions
Herein, we have summarized the numerous transcription activators and repressors that were found to interact with the hTERT core promoter. However, it is still unclear how hTERT is silenced during stem cell differentiation as well as reactivated during somatic cell reprogramming. These processes are likely to involve a host of these transcription regulators in a cell context-dependent manner. In addition, they are likely to be controlled by epigenetic changes accompanying these cellular events. The contribution of specific transcription modulators in these processes remains to be explored and elucidated. Given the complexity of the regulatory network, it is perhaps more meaningful to approach the issue from a wider perspective by studying the network system as a whole instead of focusing on individual players.
The identification of hTERT promoter mutations, on the other hand, may provide interesting biomarkers for diagnosis and prognosis of various cancer types. Since the publication of the abovementioned landmark papers, many studies have subsequently explored the potential application of these mutations as biomarkers. To date, the existence of hTERT promoter mutations has been associated with decreased survival in patients suffering from melanoma [279, 292] , bladder cancer [280, 352] , urogenital cancer [280, 325] , glioma [274] , medulloblastoma [316] , thyroid cancer [299, 300, 330] , and laryngeal tumors [353] .
As shown in Figure 2 , urothelial carcinoma samples display up to 67% mean mutation frequency (n = 2301) in the hTERT promoter region, specifically at the two hotspots, making it the most frequently mutated gene identified so far in this region. Hence, these hTERT promoter mutations have the potential to become a good biomarker for clinicians to conduct early detection of bladder cancer and subsequent follow-up tests for cancer progression or recurrence in patients. In hepatocellular carcinomas, about 42% mean mutation frequency (n = 1463) in the hTERT promoter region was observed. Similarly, their high prevalence suggests that these hotspot mutations may be utilized as candidate biomarkers for early detection and monitoring. Lastly, the high prevalence of hTERT promoter mutations in various subtypes of gliomas also suggest that the mutations can serve as useful biomarkers to aid in classification and prognostication via extraction of samples from cerebrospinal fluid. Further studies to confirm such a causal relation in various tumor types will be necessary before genome-based clinical classifications based on hTERT promoter mutations can find their way into the clinics.
Activation of telomerase enzyme is classified as one of the classic hallmarks of cancer as it confers cells with replicative immortality [354] . Hence, blocking the activity of telomerase is an active area of research in cancer therapeutics. Previous strategies to block telomerase activity in cancer patients have focused on the use of immunotherapy, gene therapy, small molecular inhibitors and G-quadruplex ligands, of which some have entered clinical trials [355] . However, such targeting strategies can also result in non-specific inhibition of telomerase activity in tissue progenitor/stem cells, which may limit the utilization of such telomerase inhibitors in the long run. As we find out more about the mechanism of how hTERT promoter is activated or repressed, novel strategies to therapeutically target telomerase can be developed. For instance, new specific small molecular inhibitors may be developed to interfere with the binding of ETS/TCF transcription factors to the CCGGAA/T binding motif that is only present in cancer cells that carry the specific C228T or C250T mutation. In addition, as mentioned above, the presence of hTERT promoter mutation in a tumor may be used as a biomarker to predict subsequent clinical response to a telomerase inhibitor drug. you have received in support of your research work. Clearly state if you received funds for covering the costs to publish in open access.
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